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We report a detailed study on size-dependent capacitance, especially the negative capacitance (NC), in InGaN-based micro-pixelated light-emitting diodes (µLEDs).
Similar to conventional broad-area LEDs, µLEDs show NC under large forward bias.
In the conventional depletion and diffusion capacitance regimes, a good linear relationship of capacitance with device size is observed. However, the NC under high forward bias shows slight deviation from above linear relationship with device size.
This behaviour can be understood if the effects of current density and junction temperature on NC are considered. The measured temperature dependence and frequency dispersion of the capacitance underpin this point of view. The NCs of two reference broad-area LEDs were also measured and compared with that of µLED clusters with the same total size. A stronger NC effect is observed in the µLED clusters, which is attributed to the increased number of sidewall defects during fabrication process.
I.
INTRODUCTION In contradiction to Shockley's model and conventional p-n junction theory, 1 abnormal negative capacitance (NC) has been observed repeatedly in alternating current (AC) impedance measurements of many semiconductor devices such as light-emitting diodes (LEDs), laser diodes and quantum well infrared photo-detectors. [2] [3] [4] [5] [6] [7] [8] [9] [10] The capacitance of a semiconductor device is usually extracted from the imaginary part of the complex impedance under direct current (DC) biased AC impedance measurements. When the transient current caused by the small modulation signal lags behind the modulation voltage, capacitance with negative values is obtained from the device under test. 2 NC has the same phase relationship between small-modulation-signal voltage and transient current as a positive inductance, however, the interpretation of NC as conventional inductance or conventional capacitance with negative values is not physically meaningful. 2 Until now, the general physical explanation of NC effect in semiconductor devices is still under debate. 4, 5, [9] [10] [11] Thus far, all LEDs used for NC studies have focused on conventional broad-area devices, which are mainly developed for solid-state lighting (SSL), 12 and have typical emission areas ranging from 300×300 µm 2 to 1 mm 2 . However, NC of micro-pixelated LEDs (µLEDs), 13, 14 which have typical sizes of several tens of microns or less, has not been investigated before. Due to a reduction in device self-heating and current crowding, µLEDs are able to be driven at much higher current densities (in excess of 10 kA/cm 2 ), which allows not only the study of LED characteristics in regimes not accessible to conventional broad-area LEDs, 15 but also novel LED applications. [16] [17] [18] [19] As the NC effect becomes more significant under high injection current density, it is important to investigate the capacitance characteristics of µLED devices under large forward bias with high injection current density. In addition, conventional depletion capacitance and diffusion capacitance of LEDs scale linearly with the device size but the relation between NC and LED size has not been reported before. Since the change of device size in LEDs can significantly affect their performance in many aspects, such as their modulation bandwidth, 20 the size effect on LED NC should be investigated in detail.
In this work, we present, for the first time, a systematic study of the size-dependent capacitance in InGaN-based µLEDs under reverse and large forward bias, based on AC impedance measurements. µLED clusters consisting of uniform-sized µLED pixels were chosen for the study instead of individual µLED pixels with different sizes, because among the latter the current spreading is quite different as the pixel size changes. 15, 21 Each µLED pixel is 40×40 µm 2 , which is also the smallest tested LED. By inter-connecting the basic µLED pixels (sharing p and n contacts) into square n×n clusters (n = 1,…,10), µLED clusters with device areas ranging from 40×40 to 400×400 µm 2 are formed. In these cluster devices, we observed a linear relationship between the capacitance and their sizes under reverse bias and low forward bias. However, a slight deviation from this linear relationship was observed for NC under high forward bias. Furthermore, to study how the device format and fabrication process affect the capacitance, two broad-area LEDs with the same total area as two typical µLED clusters were also fabricated. The µLED cluster devices showed a stronger NC effect compared with the two reference broad-area devices which are attributed to defects brought by the sidewall damage. These results shed light on the mechanisms underlying the NC effect.
II. LED WAFER EPITAXIAL GROWTH, DEVICE FABRICATION AND CHARACTERIZATION METHOD
The µLED cluster arrays reported here are made from a 450 nm-emitting wafer grown on c-plane sapphire substrate by metal organic chemical vapour deposition. Its epitaxial structure begins with a 1.5-µm-thick GaN buffer layer followed by a 4-µm-thick Si-doped n-type GaN layer. Then the active region was grown, which is made up by an eleven-pair In 0.16 Ga 0.84 N (2.8 nm)/GaN (13.5 nm) multi-quantum-well (MQW) layer. After that, a 30-nm-thick p-AlGaN electron-blocking layer (EBL) was grown on top of the active region. Finally, a 160-nm-thick Mg-doped p-type GaN layer was grown on top of the EBL.
All the µLED clusters were fabricated together on the same chip from the same wafer into flip-chip formats, so they have undergone the same processing steps.
The device fabrication started from loading the cleaned LED samples into an evaporator for Ni/Au (10 nm/20 nm) spreading metal deposition. Cluster arrays of different pixel numbers were then formed by aqua-regia wet etching Ni/Au using lithography-defined photoresist pattern as a mask, followed by inductively coupled plasma (ICP) dry etching down to n-GaN. Thus Ni/Au spreading metal was formed on each pixel in a self-aligned fashion, simplifying the fabrication procedure. P-type
Ohmic contacts were then formed by annealing the spreading metal (on each pixel) at 500 ºC for 2 minutes under purified air. The next step was to form a common n-contact for the µLED clusters by sputtering Ti/Au (50 nm/200 nm). The common n-contact was designed to surround each µLED cluster, in order to ensure uniform current injection. The following step was to deposit a 200-nm-thick SiO 2 layer by plasma-enhanced chemical vapour deposition. Then a SiO 2 aperture on each pixel was formed by ICP dry etching, followed by buffered oxide etch (BOE). It was found that if only the BOE was used, the Ni/Au spreading metal might be degraded by long-term exposure to BOE. Finally, independent p-metal track (50 nm Ti/ 200 nm Au) was formed to interconnect all pixels in each µLED cluster device, so that each interconnected cluster could be individually addressed. For comparison purposes, two square-shaped broad-area LEDs were also fabricated on the same chip. Each has the same total area as the 7×7 and 10×10 µLED clusters, and is marked as "broad 7-square" and "broad 10-square" respectively. 
III. RESULTS AND DISCUSSIONS
Based on the I-V measurement, the current densities of µLED cluster devices were plotted as a function of applied bias in Fig.2 (a) . As shown, a strongly size-dependent behaviour is observed across the different clusters (except 1×1 device).
The smaller the cluster, the higher the current density obtained under the same applied bias. Similar phenomenon has also been observed in µLED pixels with different sizes. 15 This effect is still under investigation and may be caused by current crowding effects in the n-GaN. Fig.2 (b) shows the characteristics of current density versus output power density of µLED cluster devices, also showing strongly size-dependent behaviour. In general, the thermal roll over occurs at a much lower current density (a few hundred A/cm 2 ) for larger-size cluster devices compared with smaller clusters (several kA/cm 2 ). The maximum output power density of the single pixel device (more than 170 W/cm 2 ) is much higher than that of the 10×10 µLED cluster device (less than 25 W/cm 2 ). Such optical performance under continuous wave (CW) operation provides an indication of the heat dissipation capability of the LED device as the roll-over of output power of LED is mainly caused by the self-heating effect. 15, 22 Therefore, it is obvious that larger µLED clusters are less competitive in thermal management and subsequently affected more by the self-heating effect compared their smaller counterparts. then increases with forward bias to a peak (the peak area is enlarged and shown in the inset of Fig. 3 ); after that, it decreases with further increasing forward bias and drops down to a negative value. Similar trends have been widely observed in conventional broad-area LED devices, [6] [7] [8] proving that both µLEDs and broad-area LEDs are dominated by same physical mechanism, no matter the size and format of the device.
This trend of capacitance with the increase of bias can be explained as follows. Under reverse bias, the width of the depletion region and the carrier concentration in the depletion region change with the applied bias, and the capacitance of device is dominated by the depletion capacitance. Under forward bias, a lot of carriers will pass through the depletion region and the depletion approximation is no longer applicable.
In this case, the carriers that are stored in either the n-type or p-type diffusion region change with the applied bias and this capacitance effect is known as the diffusion capacitance. In conventional p-n junction theory, 1 the forward capacitance is dominated by diffusion capacitance and should increase exponentially with bias voltage. However, the experimental results are contradictory to those predicted by Shockley's theory, as a capacitance peak is observed and then it drops down to negative value. Hence, there should be a NC mechanism that shows opposite trend to diffusion capacitance and increases much faster with forward bias. According to As shown in Fig.5 (a) , the normalized NC of the smaller cluster device is larger (absolute value) than that of the larger cluster device under the same large forward bias, causing the linearity deviation observed in Fig.4 (d) ~ (f). To further explain the observed experimental results, normalized capacitances of µLED cluster devices are plotted as a function of injection current density and shown in Fig.5 (b) . According to previous investigations and theoretical interpretation, NC effect is closely related to injected carriers and carrier dynamics. [8] [9] [10] If we assume the NC effect of µLED cluster devices is dominated by the same carrier mechanism, then the normalized NC of µLED cluster devices should behave similarly under the same injection current density. As shown in Fig.5 (b) , the normalized NCs of different µLED clusters show similar trends with the increase of current density and the variation of normalized NCs is smaller than the variation of normalized NCs shown in Fig.5 (a) . Further analysis suggests that the observed small differences on normalized NCs of µLED cluster devices under the same current densities is probably due to their different junction temperatures. 15, 22 As mentioned above, larger µLED clusters are less competitive in thermal management and subsequently affected more by the self-heating effect. A further measurement of junction temperature by spectral shift method shows that the junction temperature of a larger-size µLED cluster is higher than that of a smaller-size µLED cluster under the same current densities. Temperature-dependent NC characteristics of broad-area LEDs have been investigated before and physical explanation of the results observed in Fig.6 has been proposed. 23 Although the normalized NC of smaller µLED cluster device is smaller than that of the larger µLED cluster device under the same injection current density, the smaller µLED cluster device is able to be driven at higher current densities compared with the larger µLED cluster device, which allows the maximum NC value of smaller µLED cluster device to be higher than that of larger µLED cluster device, as shown in Fig.5 (b) . Therefore, NC should be regarded as a current/carrier-dependent phenomenon and its value increases with the increase of injection current density. These measurements suggest that the small deviation from linearity between NC and device size observed is mainly caused by different injection current densities in the µLED clusters (see Fig.2 (a) ). Therefore, a higher normalized NC value is expected in the smaller µLED cluster device compared with a larger µLED cluster device under the same bias, causing the linearity deviation between NC and device size. These results indicate that the NC of LEDs measured at a fixed applied bias should not be used directly to characterize the size effect as the NC of LEDs is a current/carrier-dependent phenomenon and is essentially different from the conventional capacitance. Therefore, current-dependent NC characteristics are more insightful than widely-reported voltage-dependent NC characteristics for the NC research. In addition, different from conventional depletion and diffusion capacitances, the normalized NC of these µLED cluster device is also influenced by other factors, such as self-heating effect. It will also be interesting to relate these findings to other characteristics of µLEDs, such as modulation bandwidth. The high modulation bandwidths of µLEDs in excess of 400 MHz have been demonstrated. 20 This fast modulation response occurs in a regime of high NC, i.e. the µLEDs are operated at high injection current densities. The investigation on the relationship of these characteristics is underway and our findings will be reported in due course.
To further study the influence of device format and the relevant fabrication process to NC and shed light on the underlying physics, Fig. 7 compares the capacitances of the 7×7 and 10×10 µLED cluster devices and two broad-area devices with the same total area. Due to the small pixel separation (2 µm) between µLED pixels that form the cluster devices, the cluster device and the broad-area device with the same total area are influenced by similar self-heating effect under the same To provide further evidence for the above interpretation, we measured the C-V characteristics of 7×7 µLED cluster device and its broad-area counterpart under different modulation frequencies. In Fig. 7(a) , the capacitances of a typical 7×7
cluster device with modulation frequency varied from 1 kHz to 5 MHz are shown.
Under the same forward bias (> 2.5 V), µLED cluster device shows a decreasing value of NC (absolute value) with increasing modulation frequency. In the Bansal-Datta-model, 9 the carriers from sub-band gap defects can not follow the change of a high-frequency modulation signal and will be trapped at the sub-band gap defects due to finite inertia. This explanation can be verified after comparing the NC value of µLED cluster device with that of broad LED device. As shown in Fig.7 (b) , with the increase of modulation frequency, the difference of NC value between µLED cluster device and broad-area LEDs becomes smaller and smaller at the same forward bias of +5 V. The reason is that more carriers in the sub-band gap defects are trapped and no longer able to participate in any recombination process. Therefore, under high modulation frequency, the sub-band gap defects caused by ICP etching are no longer 13 functional and the NC of µLED cluster device approaches the value of broad-area counterpart. 
IV. CONCLUSIONS
We have carried out the size-dependent impedance study on InGaN-based µLED clusters under both reverse and forward bias. For these devices, both depletion capacitance under reverse bias and diffusion capacitance under low forward bias were observed to scale linearly with LED size. Under high forward bias, the negative capacitance effect was measured and size-dependent NC results show a small deviation from linearity between NC and LED size, attributed to different injection current density and heat dissipation in different µLED clusters. In particular, our results can consistently be interpreted by assuming that the NC effect is governed by the carrier density and the junction temperature, but not directly by the applied bias voltage. This view is well-aligned with theories that NC is an effect of carrier dynamics and/or occupation of certain states (e.g. sub-bandgap states). Compared to broad-area devices with same total area, µLED clusters have a similar depletion capacitance and diffusion capacitance but larger value of NC than their broad-area counterparts at large forward bias. A possible reason may be from the extra sub-band gap states contributed from the sidewall defects in µLED clusters induced by ICP etching damage. By investigating the size-dependent capacitance of InGaN-based µLEDs, this research provides insight into the mechanism underlying the NC effect observed in LED devices.
